Apoptosis in response to stress signals activates eector caspases known to be regulated by the release of cytochrome c (Cyt c) from mitochondria and the subsequent ATP-dependent activation of the death regulator apoptotic protease-activating factor 1 (Apaf-1). Experiments were carried out to determine whether the release of Cyt c is evoked by NO . in RAW 264.7 macrophages and to position signaling components relative to mitochondria. S-nitrosoglutathione and spermine-NO caused a fast p53 accumulation, followed by Bcl-x L downregulation, Cyt c release, and caspase activation. These alterations were absent in p53 antisense expressing macrophages (RDp53asn-11). In Bcl-2 overexpressing cells (Rbcl2-14) Cyt c relocation and caspase activation were abrogated although p53 accumulation remained intact. The use of caspase inhibitors revealed Cyt c release and decreased Bcl-x L expression to be caspase independent. ATP-depleted cells showed a shift from apoptosis towards necrosis and no p53 accumulation or caspase activation upon NO . addition. Conclusively, NO . -mediated apoptosis in macrophages is entirely controlled by the mitochondrial pathway with the implication that Cyt c relocation demands p53 accumulation. Moreover, pulse-chase-experiments in combination with the ATP-depletion protocol identi®ed p53 accumulation and stabilization as an energy requiring process. This allowed to dissect two ATPdependent steps, one is in association with Apaf-1 formation, while the other resides in p53 accumulation.
Introduction
Apoptosis a synonym for programmed cell death is an important determinant in controlling tissue homeostasis in multicellular organisms (Vaux and Strasser, 1996) and is characterized by morphological features (Wyllie et al., 1980) . Accumulation of the tumor suppressor gene p53 is an early marker of apoptosis in many cells (Oren, 1994) and may directly participate in the death program (Caelles et al., 1994) .
Key mediators of apoptosis are cysteine proteases, known as caspases (Thornberry et al., 1998 ) that become proteolytically activated (Patel et al., 1996) . Caspases are grouped according to their roles as initiators or executors of apoptosis. Initiator or signaling caspases are activated by an upstream signal transducing step thus processing downstream or eector/executor caspases that in turn are implicated in the degradation of multiple substrates (Cohen, 1997) .
More recent studies focused on mitochondrial alterations (Kroemer et al., 1997; Green and Reed, 1998) . Initiation of apoptosis promotes the release of Cyt c from mitochondria and disruption of the mitochondrial membrane potential (DC m ) . Cytosolic Cyt c forms an essential part of the`apoptosome' which is composed of Cyt c and apoptosis protease-activating factor 1 (Apaf-1) which self-associate in an ATP-or dATP-dependent manner to recruit and activate caspase-9 which then preferentially processes caspase-3 (Li et al., 1997) . Antiapoptotic members of the Bcl-2 family such as Bcl-2 itself or Bcl-x L (Adams and Cory, 1998; Chao and Korsmeyer, 1998) are predominantly localized at the outer mitochondrial membrane , suggestively blocking the release of Cyt c and the breakdown of DC m (Yang et al., 1997; Van der Heiden et al., 1997; Kluck et al., 1997) . In addition, they attenuate the Apaf-1/caspase-9 interaction (Pan et al., 1998; Hu et al., 1998) .
Among the potential initiators of apoptosis nitric oxide (NO . ) recently came into focus. NO . -elicited apoptosis is established for various cell systems . In RAW macrophages NO . evoked typical morphological apoptotic alterations (Messmer et al., 1995) and upregulation of the tumor suppressor p53 as well as activation of caspases . Attenuating p53 accumulation by p53 antisense encoding plasmids (Messmer and BruÈ ne, 1996a) or enforced Bcl-2 overexpression abrogated NO .
-evoked apoptosis (Albina et al., 1996; Messmer et al., 1996b) which implied regulatory roles for these modulators.
Here we characterized NO . -mediated apoptosis with special attention being attributed to the sequential occurrence and/or modulation of markers such as p53, Bcl-x L , Cyt c, caspase-3-like proteases, and DNA fragmentation. By depletion of cellular ATP we provide evidence that mitochondrial alterations are an inherent feature of NO . -evoked apoptosis. Moreover, our results positions p53 upstream of Cyt c release whereas caspase-3-like activation occurs downstream. We conclude that p53 promotes the release of Cyt c, with the further notion that p53 accumulation is an ATP-dependent process, abrogated by energy-depletion.
Results
Time-dependent modulation of p53, Bcl-x L , Cyt c, and caspase-3-like proteases during NO . -mediated apoptosis
The release of Cyt c from mitochondria in response to damaging stress is controlled at least in part by antiapoptotic proteins such as Bcl-2 or Bcl-x L . First we analysed the sequential occurrence of Cyt c release in comparison to other parameters such as p53 accumulation, downregulation of Bcl-x L , expression of Bax, and caspase-3-like activation. Therefore, macrophages were exposed for 2 ± 8 h to the NO .
-releasing compounds Snitrosoglutathione (GSNO) and spermine-NO. Western blot analysis allowed to follow modulation of p53, Bcl-x L , Bax, Cyt c, and caspase-elicited cleavage of PARP, while the endogenous expression of Bcl-2 was not detectable (data not shown). Caspase activation was also followed by the degradation of the caspase-3-like substrate N-acetyl-aspartyl-glutamyl-valinyl-asparatyl-7-amino-4-methyl-coumarin (Ac-DEVD-AMC) ( Figure  1 ). GSNO (0.5 mM) and spermine-NO (0.25 mM) evoked a rapid p53 response, which appeared after 2 h and reached maximal expression after 4 and 6 h ( Figure  1a ). Downregulation of Bcl-x L that was noticed after 4 h became more pronounced after 6 and 8 h (Figure 1a) , which was analogous to the release of Cyt c. In contrast, expression of Bax was not signi®cantly changed over time. Both NO . donors evoked PARP cleavage as detected by the occurrence of the 85 kDa cleavage product and/or the disappearance of the 116 kDa holoenzyme (Figure 1a) . Cleavage was noticed after 4 h and became more substantial after 6 ± 8 h.
Moreover, Ac-DEVD-AMC proteolysis in response to GSNO or spermine-NO occurred after 4 h, increased at 6 h, and leveled o after an 8 h incubation period (Figure 1b) . Obviously, PARP cleavage and Ac-DEVD-AMC breakdown produced analogous results.
Quantitative DNA fragmentation analysis showed values around 5% that went up to 26+5% within 8 h, following GSNO (0.5 mM) or spermine-NO (0.25 mM) exposure (data not shown).
p53 acts upstream of Bcl-x L and mitochondrial Cyt c release
We further veri®ed sequential alterations of apoptotic parameters by using stably p53 antisense transfected macrophages (RDp53asn-11). In corroboration with previous studies (Messmer and BruÈ ne, 1996a) we noticed roughly 80% decreased p53 accumulation in response to 0.5 mM GSNO in RDp53asn-11 compared to parent macrophages (Figure 2a ). Extending examinations allowed to position p53 upstream of subsequent events. Downregulation of Bcl-x L by approximately 79% that was seen in response to GSNO in parent cells was largely attenuated in RDp53asn-11 macrophages, where Bcl-x L expression remained at 95% after stimulation (Figure 2b ). In line, GSNO evoked Cyt c release was signi®cantly abrogated in p53 antisense transfected cells. Cytochrome c detected in the cytosol of GSNO-stimulated RDp53asn-11 cells was reduced by 82+6% compared to the amount of Cyt c found in activated RAW 264.7 controls.
In addition, cleavage of Ac-DEVD-AMC was signi®cantly attenuated in RDp53asn-11 compared to mock-transfected cells (Figure 2c ). Obviously, p53 is positioned upstream of Bcl-x L downregulation, Cyt c release, or caspase activation.
Bcl-2 overexpression attenuates GSNO-mediated Cyt c release, caspase activation, and DNA fragmentation, without altering p53 accumulation Overexpression of Bcl-2 has been established to inhibit NO .
-mediated apoptosis in RAW 264.7 macrophages (Albina et al., 1996; Messmer et al., 1996b) . We observed enforced expression of human Bcl-2 in RAW macrophages, named Rblc2-14, that contained the plasmid pRc/CMVbcl2 (Figure 3a) . Overexpression of Bcl-2 left the p53 response after GSNO indistinguishable from parent cells (Figure 3b ), while Cyt c release was attenuated in Rbcl2-14, but not in parent macrophages.
Further analysis of Rbcl2-14 cells revealed that Ac-DEVD-AMC cleavage and DNA fragmentation were abrogated in Bcl-2 overexpressing macrophages ( Figure  3c ,d). Inhibition was substantial, as both parameters were reduced to control values. We conclude that Bcl-2 Cyt c release occurs independent of caspase-activation Figure 1 revealed an overlap of Cyt c release with caspase-3-like activation. Therefore we employed caspase inhibitors and studied Bcl-x L expression with respect to Cyt c redistribution in response to GSNO. Cells were either preincubated for 1 h with 50 mM of the caspase-3-like speci®c inhibitor Ac-DEVD-CHO or for 1 h with 100 mM of the pan-caspase inhibitor benzoyloxycarbonyl-Asp-CH 2 OC(O) -2 , 6 -dichlorobenzene (Z-A-DCB).
Neither Ac-DEVD-CHO nor Z-A-DCB suppressed downregulation of Bcl-x L or mitochondrial release of Cyt c (Figure 4a ). Video densitometric analysis revealed that Bcl-x L expression was reduced by 68 ± 79% in GSNO-stimulated cells compared to vehicle exposed controls irrespective to the presence or absence of caspase-inhibitors. However, both caspase inhibitors eciently blocked GSNO-evoked Ac-DEVD-AMC cleavage ( Figure 4b ). Although Ac-DEVD-CHO and Z-A-DCB completely attenuated aminomethylcoumarin formation the ability to abrogate apoptosis was dierent ( Figure 4c ). Whereas the pan-caspase inhibitor Z-A-DCB substantially blocked GSNO-initiated DNA fragmentation, the speci®c caspase-3-like inhibitor Ac-DEVD-CHO was much less ecient. These results argue for a caspase-independent regulation of Bcl-x L and Cyt c release and point to a Ac-DEVD-CHO insensitive pathway that operates during NO . -elicited apoptosis.
Execution of NO
.
-mediated cell death in ATP-depleted macrophages
The release of Cyt c and ATP-dependent apoptosome formation is implicated in stress-mediated apoptosis (Green, 1998) , since depletion of ATP sustained apoptosis in cell death systems that are controlled by the release of mitochondrial Cyt c (Ferrari et al., 1998) . Therefore, we analysed the signaling properties in ATP-depleted RAW 264.7 macrophages. ATP generation from glycolysis and the respiratory chain was suppressed in glucose-free medium with the further addition of the F 0 F 1 -ATPase inhibitor oligomycin. We con®rmed high steady state ATP levels in GSNOtreated macrophages over 6 h and a near complete ATP-deprivation in the presence of oligomycin. ( Figure  5a ).
We then determined GSNO-evoked DNA fragmentation in ATP-containing versus ATP-depleted macrophages ( Figure  5b ). Internucleosomal DNA Figure 2 Bcl-x L downregulation, Cyt c release and caspase-3-like activation in p53 antisense expressing macrophages. RAW 264.7 macrophages and p53 antisense RNA transfectants (RDp53asn-11) were incubated for 6 h with vehicle (control) or 0.5 mM GSNO and were analysed for p53 accumulation (a), Bcl-x L expression, and Cyt c relocation (b) by Western blot analysis as described under Materials and methods. Caspase-3-like activity was determined by the cleavage of Ac-DEVD-AMC (c). Mean values+s.e.m of three dierent experiments are shown (*P50.05 versus GSNO-treated RAW 264.7 cells) Figure 3 Bcl-2 overexpression attenuates GSNO-mediated Cyt c release and caspase-3-like activation. RAW 264.7 macrophages and Bcl-2 transfected cells (Rbcl2-14) were analysed for expression of human Bcl-2 by Western blot analysis (a). RAW 264.7 and Rbcl2-14 macrophages were incubated with 0.5 mM GSNO for 6 h followed by Western blot analysis of p53 and cytosolic Cyt c appearance as described under Materials and methods (b). Caspase-3-like activity was determined by the cleavage of Ac-DEVD-AMC (c). DNA fragmentation was quanti®ed using the diphenylamine assay (d) as outlined under Materials and methods. Data are means+s.e.m. for four dierent experiments (*P50.05 versus untreated controls)
NO-mediated p53 accumulation and cytochrome c release F Brockhaus and B Bru Ène fragmentation in ATP-containing cells became significant within 4 h (14+2% DNA fragmentation) and further increased to 26+2% after 6 h. DNA cleavage in ATP-depleted cells remained consistently below 10%. As expected, necrosis determined by the release of the cytosolic enzyme lactate dehydrogenase (LDH) was low in ATP-containing cells (below 5%), but timedependently increased in cells that contained no ATP (Figure 5b ). In addition, p53 accumulation was aected by ATPdepletion (Figure 5c ). The p53 response was noticed after a 2 h incubation period with GSNO in ATPcontaining cells, that became stronger after 4 and 6 h. Depleting ATP abrogated p53 accumulation at 2, 4 and 6 h. Cleavage of PARP followed a similar behavior (Figure 5c ). In control cells GSNO-elicited PARP cleavage proceeded normal after 4 ± 6 h, whereas degradation of the 116 kDa holoenzyme to the 85 kDa fragment was largely attenuated in ATP-depleted cells.
To con®rm that the shift towards necrosis in response to GSNO under ATP-free conditions does not result from oligomycin side eects, we performed additional controls. During these studies we reestablished ATP synthesis in cells that were preincubated in glucose-free, oligomycin-supplemented medium, by the addition of 10 mM glucose. Glucose supplementation coincided with GSNO addition and allowed to recover 85 ± 90% of cellular ATP after 6 h compared to undepleted controls. As shown in Figure  6a the addition of glucose together with GSNO restored DNA fragmentation that otherwise was suppressed by oligomycin addition. The response of macrophages to spermine-NO was identical ( Figure  6a) . Necrosis, as determined by LDH release, mirrored fragmentation values ( Figure 6A ). In ATP-depleted cells GSNO-or spermine-NO-evoked LDH release was sustained by coincubation with glucose. A similar picture emerged during caspase activation. Attenuated Ac-DEVD-AMC cleavage, that was noticed in ATPdepleted cells in response to GSNO or spermine-NO fully recovered when glucose was supplemented together with the NO . donors. Figure 4 Caspase activation is downstream of Cyt c release. RAW 264.7 macrophages preincubated with 50 mM Ac-DEVD-CHO or 100 mM Z-A-DCB for 1 h, were exposed to 0.5 mM GSNO for 6 h. Expression of Bcl-x L and occurrence of cytosolic Cyt c were analysed by Western blot analysis (a). Caspase-3-like activity (b) and DNA fragmentation (c) were assessed by Ac-DEVD-AMC cleavage and the diphenylamine assay, respectively. Data are means+s.e.m. for at least three dierent experiments (*P50.05 versus GSNO-treated cells that received no inhibitors) Figure 5 NO . -induced cell death in ATP-depleted RAW 264.7 macrophages. Cells were kept in glucose-free RPMI 1640 medium and were pretreated with 2.5 mM oligomycin for 45 min prior to GSNO addition. Control cells were kept in the absence of oligomycin in RPMI 1640 medium containing 10 mM glucose. Both, ATP-depleted and control cells were time-dependently incubated with 0.5 mM GSNO. Intracellular ATP was determined by the luminometric ATP assay as described under Materials and methods (a). DNA fragmentation and LDH release were quanti®ed using the diphenlyamine assay and the LDH release assay, respectively (b). Accumulation of p53 and PARP cleavage were measured by Western blot analysis (c). Glucose addition to ATP-deprived cells also restored the GSNO-and spermine-NO-evoked p53 response that was suppressed by energy depletion (Figure 6b ).
The requirement of ATP for NO . -mediated p53 accumulation was further veri®ed by p53-stability assays. For these experiments cells were incubated with 0.5 mM GSNO for 2.5 h in order to achieve p53 accumulation. Subsequently, protein-synthesis was blocked by the addition of 10 mg/ml cycloheximide (CHX) and ATP-depletion was initiated by the further supplementation of 2.5 mM oligomycin in glucose-free medium. For comparison, control cells were kept in glucose-containing RPMI. As shown in Figure 7a , ATP levels were signi®cantly reduced 1 h after oligomycin and CHX addition, while ATP remained high over a period of 4 h after CHX addition in glucose containing medium. Western blot analysis of p53 revealed a time-dependent protein decrease in the absence of ATP, which became signi®cant 2 h after CHX supplementation with further p53-disappearance at 3 and 4 h. (Figure 7b ). In contrast, p53 remained high in ATP-containing cells.
Energy-dependent p53 stabilization versus degradation was further con®rmed by [ 35 S]methionine pulsechase experiments (Figure 7c ). Cells were preincubated with 0.5 mM GSNO for 30 min and then pulse-labeled with [ 35 S]methionine for 2 h prior to CHX addition, ATP-depletion, and a subsequent 4 h lasting chase period. Radioactively labeled p53 in ATP-depleted macrophages was reduced by 50% within 2 h and by 85% after 4 h of chase, while the [ 35 S] p53-signal of Figure 6 The level of intracellular ATP determines the mode of cell death. RAW 264.7 macrophages were treated with 0.5 mM GSNO, 0.25 mM spermine-NO, or vehicle for 6 h. ATP-depletion was in glucose-free RPMI 1640 medium after preincubation for 45 min with 2.5 mM oligomycin. ATP was replenished by adding 10 mM glucose simultaneously with NO . donors. Control cells (no addition) were kept in RPMI 1640 medium containing 10 mM glucose. DNA fragmentation and LDH release were quanti®ed as outlined under Materials and methods. Caspase-3-like activity was measured by the cleavage of Ac-DEVD-AMC (a). Expression 
Discussion
Our studies reveal insights in signaling pathways of NO . -mediated apoptotic cell death. By depletion of intracellular ATP which causes inhibition of Cyt c/ Apaf-1 formation (Ferrari et al., 1998) and Bcl-2 overexpression we obtained evidence for the involvement of mitochondria during NO . -evoked apoptosis. In addition, we identi®ed accumulation of the tumor suppressor p53 as a prerequisite for Cyt c release and as an energy requiring step that is attenuated in ATPdepleted cells.
Currently, two pathways for the execution of apoptosis are distinguished by their dependence on mitochondrial Cyt c release (Chauhan et al., 1997) . Cyt c translocation can be blocked by overexpression of Bcl-2 or Bcl-x L (Kluck et al., 1997; Van der Heiden et al., 1997) with the notion that anti-apoptotic Bcl-2 family members inhibit the execution of apoptosis in systems that demand mitochondrial alterations (Newmeyer et al., 1994; Moreno et al., 1996) . Mitochondrial requirement during apoptosis can be dissected by depletion of intracellular ATP, speci®cally blocking the ATP-dependent activation of Apaf-1 downstream of Cyt c release (Ferrari et al., 1998) .
Here we proved mitochondrial Cyt c release as a prerequisite for NO .
-elicited apoptosis in RAW 264.7 cells which appeared 4 h following stimulation with GSNO or spermine-NO. Cyt c relocation occurred in parallel with Bcl-x L downregulation or caspase-3-like protease activation. As expected, overexpression of Bcl-2 preserved mitochondrial integrity, blocked caspase activation, and attenuated DNA fragmentation, which unequivocally established mitochondrial alterations as a central component of pro-apoptotic signaling. Further, we showed that a caspase-3-like speci®c or a pan-caspase inhibitor left Bcl-x L downregulation and Cyt c release unaltered, thus implying a caspase activity not to be required for both events. These observations put Cyt c release upstream of caspase-3-like protease activation.
Current knowledge appreciates ATP requirement for Cyt c/Apaf-1-dependent caspase activation and subsequent execution of apoptosis (Li et al., 1997) , with the further notion that ATP-depletion shifts apoptosis towards necrosis (Eguchi et al., 1997; Leist et al., 1997) . In some analogy to the work of (Ferrari et al. (1998) who examined chemotherapeutic drug-mediated apoptosis, we noticed a shift from NO .
-evoked apoptosis towards necrosis in ATP-depleted cells. In accordance with the observations marked for chemotherapeutic drugs, NO . -elicited programmed cell death is therefore controlled by an energy demanding pathway that allows formation of the Cyt c/Apaf-1 complex. Speci®city of the experimental manipulations were assured by supplementation of glucose that allowed ATP-recovery in close association with the reinstatement of apoptosis. Suggestively, NO . -induced macrophage apoptosis requires the ATP-driven process of Cytc/Apaf-1 complex formation. Additional examinations in human myeloid leukemia U937 cells gave identical results (data not shown). In contrast, one can envision NO . -evoked apoptosis that bypasses the stringent requirement of mitochondria as recently suggested for APO-S Jurkat cells and isolated human leukemic lymphocytes (Chlichlia et al., 1998) . This pathway encompasses upregulation of the Fas-system as a result of NO . -delivery (Stassi et al., 1997) with the implication that Fas-mediated killing proceeds independent of mitochondria.
Interestingly, accumulation of p53 was noticed prior to any other parameter, including Cyt c release. In addition, the use of p53 antisense expressing macrophages established not only attenuated p53 accumulation in response to GSNO but also revealed decreased Cyt c release. These data suggest that p53 acts in promoting Cyt c translocation from mitochondria to the cytosol. Our ®nding is supported by the observation that protection of thymocytes from p53 knockoutmice against irradiation-induced apoptosis is associated with prevention of mitochondrial transmembrane depolarization and by the notion that the receptor tyrosine kinase KIT suppresses p53-mediated apoptosis by attenuating p53-induced DC m depolarization (Lee, 1998) . In line, caspase-9 and its cofactor Apaf-1 are essential downstream components of p53 in Myc-induced apoptosis in mouse embryo ®broblast cells (Soengas et al., 1999) . Taking into consideration that translocation of Cyt c does not necessarily require a mitochondrial transmembrane depolarization (Bossy-Wetzel et al., 1998) , our observation established a cause-eect relation between p53 accumulation and Cyt c release. The use of Bcl-2 transfected macrophages further allowed to dissect p53 accumulation from downstream events. Preventing downregulation of the Bcl-2 homologue Bcl-x L in RDp53asn cells implies that p53 may induce mitochondrial Cyt c release via elimination of the Bcl-x L antiapoptotic potency. This assumption is further strengthened by our ®nding that the expression of the proapoptotic protein Bax remained unaltered under these experimental conditions.
With our study we provide evidence that mitochondria play a central role in propagating NO .
-evoked death signals. The ATP-depletion protocol further implies that Cyt c/Apaf-1 complex formation is required for caspase activation and death execution. More important, the ATP-depletion protocol unravels another energy demanding pro-apoptotic step that is upstream of mitochondria and resides in p53 accumulation. Energy deprivation abrogates p53 accumulation even at earlier times (at 2 h GSNO exposure) when necrosis still was insigni®cant. Replenishment of glucose fully restored p53 accumulation and allowed downstream caspase activation. Furthermore stability assays including pulse-chase experiments showed that the half-live of p53 in response to GSNO was drastically reduced in ATP-depleted cells. The requirement of ATP for p53 accumulation can be rationalized by multiple phosphorylation events that participate in p53-stabilization (Sakaguchi et al., 1997; Pitkanen et al., 1998) . The ATP-dependence of p53 expression in NO . -mediated apoptosis applies to other systems as well, because p53 accumulation was also abrogated in ATP-depleted Jurkat cells (data not shown). From our studies we conclude that the ATP-depletion protocol is not necessarily restricted downstream of mitochondria as previously shown (Ferrari et al., 1998) , but also aects upstream components such as p53-accumulation and signaling.
Considering manipulation of intracellular ATP levels or overexpression of Bcl-2 as useful tools to discriminate between distinctive apoptotic pathways we demonstrate that the Cyt c/Apaf-1 pathway is central to NO
. -evoked apoptotic cell death in RAW 264.7 macrophages. Moreover, our study positions p53 upstream of Cyt c release and acknowledges the requirement of ATP as a prerequisite of p53 accumulation and stabilization.
Materials and methods

Materials
Hybridoma supernatant against p53 and the mouse monoclonal anti-poly (ADP-ribose) polymerase antibody (clone C-II-10) were recently described (Messmer et al., 1998) . All other chemicals were of the highest grade of purity and commercially available, or as speci®ed (Messmer et al., 1998; Brockhaus and BruÈ ne, 1999) .
Cell culture
Mouse RAW 264.7, RDp53asn-11, and Rbcl2-14 cells were maintained in RPMI 1640 supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% heat-inactivated fetal calf serum (complete RPMI). For ATP-depletion, RAW 264.7 cells were washed and further grown in glucose-free RPMI 1640 medium containing 2 mM pyruvate and 0.1% FCS. 45 min prior to NO . donor addition, cells were exposed to 2.5 mM oligomycin to inhibit ATP generation by oxidative phosphorylation. All other experiments were performed using complete RPMI.
p53 antisense transfection and Bcl-2 overexpression in RAW 264.7 macrophages Construction of p53 antisense expressing RAW 264.7 cells (RDp53asn-11) and Bcl-2 overexpressing RAW 264.7 cells (Rbcl2-14) were previously described (Messmer and BruÈ ne, 1996a; Messmer et al., 1996b) .
GSNO synthesis
S-nitrosoglutathione was synthesized and characterized as previously described (Hart, 1985; Messmer et al., 1998) .
Quantitation of DNA fragmentation
DNA fragmentation was quantitated by the diphenylamine assay as reported (McConkey et al., 1989) . The percentage of fragmented DNA was calculated as the ratio of the DNA content in the supernatant to the amount in the pellet.
LDH release
The percentage of LDH release was expressed as the proportion of LDH released into medium compared to the total amount of LDH present in the cells. Activity was monitored as the oxidation of NADH at 334 nm. Reactions were carried out in 50 mM triethanolamine buer (pH 7.6) containing 5 mM EDTA, 127 mM pyruvate, and 14 mM NADH.
Fluorogenic caspase-3-like activity determination
Activity of caspase-3 was determined as previously described (Brockhaus and BruÈ ne, 1999) . Substrate cleavage and accumulation of AMC was followed¯uorometrically. Enzyme activity was expressed as nM AMC per min per milligram protein (nM/min6mg).
Western blots of p53, Bcl-x L , and PARP Cells were lysed and extracts were prepared for Western blot analysis as previously described (Brockhaus and BruÈ ne, 1999) . Twenty-®ve microgram protein (for detection of Bcl-x L ) or 100 mg protein (for detection of p53 and PARP) were mixed with the same volume of 26 sample buer (125 mM Tris/HCl, 2% SDS, 10% glycerin, 1 mM DTT, 0.002% bromophenol blue, pH 6.9) and boiled for 10 min. Proteins were resolved on 15% (Bcl-x L ) or 7.5% (p53 and PARP) SDS-polyacrylamide gels, and blotted onto nitrocellulose sheets. The antibody against Bcl-x L was dissolved in TBS/0.5% milk and used at a dilution of 1 : 1000, whereas the antiserum against p53 or PARP were diluted 1 : 5 and 1 : 10, respectively. For ®nal detection, blots were incubated with anti-rabbit or anti-mouse horseradish peroxidase conjugates (1 : 10 000 in TBS/0.5% milk) for 1 h, followed by ECL detection.
Cytochrome c release
Mitochondrial Cyt c release was determined by Western blot analysis of cytosolic Cyt c essentially as described (Leist et al., 1998) . Cells were collected and centrifuged at 700 g for 3 min, resuspended in 250 ml phosphate buered saline (PBS) at room temperature, followed by the addition of 250 ml digitonin sucrose solution (150 mM digitonin, 500 mM sucrose) for 30 s, and subsequent centrifugation (10 000 g for 1 min). Cytosolic supernatants (40 mg) were subjected to 12.5% SDS ± PAGE and Western blot analysis using the antiCyt c mAb 7H8.2C12 (PharMingen Europe, Hamburg, Germany) and ECL. Treatment of non-apoptotic cells with the digitonin sucrose solution for up to 10 min did not promote any Cyt c release into the supernatant.
Determination of p53 stability p53 stability was determined by [ 35 S]methionine pulse-chase experiments as described (Whitesell et al. 1994) . Brie¯y, RAW 264.7 cells were washed twice in PBS and preincubated for 30 min with 0.5 mM GSNO in methionine-free RPMI containing 10% heat-inactivated fetal calf serum. Cells were then pulsed for 2 h with [ ), washed three times with PBS, chased with non-radioactive methionine-containing RPMI, and incubated up to 4 h. To achieve ATP-depletion methionine-containing RPMI was glucose-free and supplemented with 2.5 mM oligomycin. Controls were kept in regular RPMI containing 10 mM glucose. Following cell lysis radioactive p53 was immunoprecipitated with a p53 antibody (clone Pab122) and protein A-Sepharose. Proteins were seperated on 10% polyacrylamid gels and the [ 
ATP determination
ATP concentrations were determined with the luminometric ATP assay as described (Wul and DoÈ ppen, 1985) .
Statistical analysis
Each experiment was performed at least three times and statistical analysis was performed using the two tailed NO-mediated p53 accumulation and cytochrome c release F Brockhaus and B Bru Ène Student's t-test. Normal distribution of data is ensured. Otherwise representative data, of at least three similar examinations, are shown.
